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Vaccination of infants with bacillus Calmette–Guérin (BCG) activates both the innate and 
adaptive arms of the immune response. The antimycobacterial effects of these responses 
most likely account for the ability of BCG to protect against childhood forms of tubercu-
losis (TB). There is also evidence for a heterologous protective effect of BCG vaccination 
against TB-unrelated mortality in low birth weight infants. A possible mechanism of action 
of this effect, the induction of trained innate immunity, has been demonstrated when 
cells from BCG-vaccinated adults are restimulated in  vitro with non-related microbial 
stimuli. Our aim was to examine an extensive panel of secreted immune biomarkers to 
characterize the profile of trained innate immunity in infants. Stimulation of whole blood 
for 48 h was performed 4 months after BCG vaccination, or in control unvaccinated 
infants. Stimulants were lipopolysaccharide; Pam3Cys (P3C); heat-killed Candida albi-
cans, Staphylococcus aureus, Escherichia coli, and a lysate of Mycobacterium tuber-
culosis. Culture supernatants were tested for secreted cytokines and chemokines by 
42-plex bead array and monocytes and natural killer (NK) cells assessed for expression 
of activation markers by flow cytometry. BCG-vaccinated infants displayed increases 
in 11 cytokines and chemokines in response to different non-specific innate immunity 
stimuli: epidermal growth factor (EGF); eotaxin; IL-6; IL-7; IL-8; IL-10; IL-12p40; mono-
cyte chemotactic protein-3; macrophage inflammatory protein-1α; soluble CD40 ligand 
and platelet-derived growth factor (PDGF)-AB/BB. Although each stimulant induced a 
distinct response profile, three analytes, EGF, IL-6, and PDGF-AB/BB, were commonly 
higher after stimulation with Pam3Cys, C. albicans, and S. aureus. Conversely, certain 
cytokines such as interferon gamma-inducible protein-10, IL-2, IL-13, IL-17, GM-CSF, 
and GRO were suppressed in BCG-vaccinated infants, while no increases in TNFα or 
IL-1β production were detected. We did not observe a concomitant, BCG-associated 
change in monocyte surface activation markers in response to non-specific stimuli, but we 
detected a significant increase in CD69 expression on NK cells in response to Pam3Cys. 
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Pam3Cys-induced NK  cell activation correlated with the magnitude of IL-12p40 and 
IL-10 responses to the same stimulant. This study reveals a novel cytokine/chemokine 
biomarker signature of BCG-induced trained innate immunity in infants and the involve-
ment of NK cells in these responses.
Keywords: bacillus calmette–guérin, vaccination, heterologous effects, trained immunity, infants, cytokines, 
chemokines, natural killer
inTrODUcTiOn
Mycobacterium bovis bacillus Calmette–Guérin (BCG) is cur-
rently the only licensed vaccine for tuberculosis (TB). Although 
its protective efficacy against adult pulmonary TB is variable 
(1–3), BCG affords more reliable protection against childhood 
forms of the disease when administered to infants (4). The 
immune mechanisms responsible for this protection are not 
fully understood, although many studies have described BCG-
induced, antigen-specific immune responses that may play a 
part (5–12).
Evidence also exists of a beneficial effect for the BCG vaccine 
against several different diseases and outcomes other than TB, 
including as a therapeutic agent against bladder cancer when 
instilled directly into the bladder (13) and protection against 
all-cause mortality in low birth weight infants (14). These 
effects are heterologous (non-specific) as they do not rely on 
mycobacteria-specific adaptive immune responses. Exactly 
how BCG mediates these effects is not clear, although different 
pathways are probably involved. Non-specific protective effects 
against mortality in low birth weight infants are a result of resist-
ance to pathogenic microorganisms that are responsible for 
death due to neonatal sepsis and respiratory infections (15, 16). 
The immune responses mediating this effect could be either 
heterologous T-cells (i.e., T-cells induced by an epitope from 
one organism but with cross-reactivity to others) or the ability 
of BCG to potentiate the responsiveness of the innate immune 
system to later infections: a biological process termed trained 
innate immunity which represents a de facto innate immune 
memory (17–19). Such a phenomenon is thought to have existed 
for millions of years as acquired systemic resistance in plants and 
also in invertebrates, neither of which have adaptive immune 
systems (17). Several studies have revealed enhancements of the 
neonatal innate immune response to Gram-positive and Gram-
negative infections following previous encounters, mediated by 
different toll-like receptor pathways (20) or initiated by in utero 
inflammatory conditions such as histologic chorioamnionitis 
(21). Studies in adults show that trained innate cells, including 
monocytes and natural killer (NK) cells, appear to be epige-
netically and metabolically reprogrammed to produce increased 
amounts of pro-inflammatory cytokines and display higher 
levels of surface activation markers in response to restimulation 
with toll-like receptor ligands or different whole microorgan-
isms (22–25).
If trained immunity is to provide a mechanism of action for 
the non-specific protective effects of BCG, evidence of trained 
immunity in infants or infant innate cells is needed. The immune 
system of the newborn infant differs from that of the adult in 
its constitution as well as in its propensity to respond to dif-
ferent stimuli; differences that reflect the unique physiological 
challenge of transitioning from the intrauterine environment 
to the outside world where some microorganisms are beneficial 
commensals and some are life-threatening pathogens (26, 27). 
Newborn innate immune responses are characterized by a 
reduced capacity for pro-inflammatory cytokines and dendritic 
cell differentiation and activation, but a greater propensity to 
produce regulatory cytokines (28, 29). More data are needed 
on how these differences impact upon the generation of trained 
innate immunity by BCG.
Our aim in this study was to probe the infant immune response 
to mycobacteria-unrelated stimuli following BCG vaccination for 
potential mediators of trained immunity. We used a multiplex 
bead array approach for the detection of secreted cytokines and 
chemokines from diluted whole blood following stimulation with 
a panel of innate stimuli. The rationale for this was to maximize 
the variety of immune cells available for stimulation as well as the 
potential to detect a broad array of soluble mediators. Our data 
provide a description of previously unreported profiles of trained 
immunity in infants and a role for activated NK cells.
MaTerials anD MeThODs
study Participants and sample collection
Healthy, UK-born infants were recruited following ethical approval 
from the National Research Ethics Service Committee London-
East (11/LO/0363) and from the Ethics Committee of the London 
School of Hygiene and Tropical Medicine (ref. 4068). Written 
consent was obtained from parents prior to recruitment. Infants 
were recruited from two regions of South East England: Redbridge, 
where a single dose of intradermal BCG (BCG Vaccine Danish 
Strain 1331, Staten Serum Institute, Copenhagen, Denmark) was 
administered to infants at approximately 6 weeks of age in local 
vaccination clinics and West Essex where infants do not routinely 
receive BCG. Heparinized venous blood was obtained 4 months 
post-vaccination or from unvaccinated infants at an age-matched 
time point. This exploratory study was part of a larger study (11) 
and 4-month post-vaccination samples available were n =  11, 
vaccinated infants; and n = 10, unvaccinated infants for Luminex 
analysis and n = 10 and n = 8, respectively, for flow cytometry 
analysis.
Diluted Whole Blood assays for  
cytokine responses to innate stimuli
Venous blood was diluted 1/5 in RPMI 1640 (Invitrogen) 
 supplemented with 2 mM l-glutamine (Invitrogen) and cultured 
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at 37°C for 48 h in 96-well U-bottomed plates in a final volume 
of 200 µl. Duplicate wells were incubated alone (medium only 
negative control) or with the following stimuli: lipopol ysaccharide 
(LPS; 10 ng/ml); (S)-(2,3-bis(palmitoyloxy)-(2RS) -propyl)-
N-palmitoyl-(R)-Cys-(S)-Ser(S)-Lys4-OH, trihydrochloride 
[Pam3Cys; 10 µg/ml]; heat-killed (HK) Candida albicans (C. 
albicans; 106 microorganisms/ml); HK Staphylococcus aureus (S. 
aureus; 106 microorganisms/ml); HK Escherichia coli (E. coli; 106 
microorganisms/ml); and sonicated Mycobacterium tuberculosis 
H37Rv [Mtb lysate; 1 µg/ml end concentration]. Concentrations 
used for each stimulus were optimized in previous experiments.
Tissue culture supernatant harvest  
and Multiplex Bead array assay
After 48  h, plates were centrifuged at 400  g for 5  min. 
Supernatants were removed from duplicate wells, pooled, and 
stored in aliquots at −80°C prior to analysis. Thawed super-
natants were subjected to multiplex bead array analysis using 
the human cytokine/chemokine Milliplex™ MAP 42-plex pre-
mixed kit (Merck Millipore) and following the manufacturer’s 
instructions. The pre-mixed bead set included the following 
panel: IL-1α, IL-1β, IL-1Ra, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, 
IL-8, IL-9, IL-10, IL-12p40, IL-12p70, IL-13, IL-15, IL-17, 
epidermal growth factor (EGF), eotaxin, Flt-3L, FGF-2, frac-
talkine, G-CSF, GM-CSF, GRO, IFNα2, IFNγ, IP-10, MCP-1, 
MCP-3, MDC, MIP-1α, MIP-1β, platelet-derived growth fac-
tor (PDGF)-AA, PDGF-AB/BB, RANTES, sCD40L, sIL-2Ra, 
TGFα, TNFα, TNFβ, and VEGF. Data were acquired using the 
Biorad Luminex® 100 system and Bioplex Manager Software 
version 6.1 (Biorad).
Peripheral Blood leukocyte (PBl)  
harvest and Flow cytometry
Following the removal of supernatants from diluted whole blood 
assay plates, remaining PBLs were harvested and cryopreserved 
for later analysis. EDTA in PBS (2 mM) was added to assay wells, 
which were incubated at room temperature for 15 min to detach 
adherent cells. Wells were mixed and cells from duplicate wells 
were pooled and then incubated with 10× volume of 1× FACS 
Lysing Buffer (BD Biosciences) at room temperature for 10 min. 
Following red cell lysis, PBLs were pelleted, resuspended in fetal 
bovine serum with 10% dimethylsulfoxide, and cryopreserved in 
liquid nitrogen. For flow cytometric analysis, thawed cells were 
washed in PBS with 0.1% bovine serum albumin and 0.01% 
sodium azide (both Sigma Aldrich) and stained for 30  min at 
4°C with the following antibodies: CD3-BV510 (clone UCHT1); 
CD25-PerCP-Cy™5.5 (clone M-A251); CD56-PE-Cy™7 (clone 
B159); CD206-PE-CF594 (clone 19.2); HLA-DR-BV605 (clone 
G46-6) (all from BD Biosciences); CD11b-FITC (clone ICRF44); 
CD69-PE (clone FN50); CD163-APC (clone eBioGHI/61) (all 
from Affymetrix/eBiosciences); CD14-BV650 (clone M5E2; 
Biolegend). Following a further wash, cells were resuspended 
in PBS with 1% paraformaldehyde for acquisition. Cells were 
acquired using a BD LSR II flow cytometer (BD Biosciences) 
equipped with blue (488 nm), red (633 nm), and violet (405 nm) 
lasers and FACSDiva 6.1.3 software. Compensation was carried 
out using BD™ CompBead Plus compensation particles stained 
separately with each antibody conjugate and fluorescence minus 
one control stains were used to determine the position of pheno-
type and activation marker analysis gates.
Data analysis, Management, and 
statistical analysis
Multiplex bead array data for each stimulation condition were 
background subtracted using values measured in unstimulated 
controls. Background levels of each cytokine/chemokine are 
given in Table S1 in Supplementary Material. Final concentra-
tions below the lower limit of quantitation were adjusted to 
the value of the lowest standard (3.2 pg/ml) and data above the 
upper limit of quantitation were adjusted to the highest standard 
(10,000  pg/ml). The compensation matrix was generated and 
flow cytometric data were analyzed using FlowJo™ 10.2 soft-
ware (FlowJo LLC). Monocytes were gated based on CD14 and 
HLA-DR expression as well as on size and granularity. NK cells 
were gated based on CD56 expression and lack of CD3 expres-
sion (see Figure S1 in Supplementary Material). Multiplex bead 
array data were analyzed using IBM® SPSS® Statistics version 
23 software (IBM Corp.) and Prism 7 for Windows (GraphPad 
Software Inc.). Flow cytometric data were further analyzed using 
a combination of Spice 5.35 (30) and Prism. Statistical com-
parisons between vaccinated and unvaccinated infant groups 
for both multiplex bead array and flow cytometry data were by 
Mann–Whitney U test and correlations were by Spearman’s rank 
correlation coefficient.
resUlTs
infant Bcg Vaccination is associated  
with enhanced cytokine and chemokine 
responses to non-specific innate stimuli
Diluted whole blood from BCG-vaccinated and unvaccinated 
infants was stimulated with a panel of non-specific innate stimuli 
and with a preparation of Mtb lysate. Secreted cytokines and 
chemokines were measured in tissue culture supernatants by 
multiplex bead array after 48 h.
Previous reports described TNFα, IL-6, and IL-1β as the 
characteristic cytokines of BCG-induced trained innate immu-
nity in adults (24, 31). However, when we investigated this 
signature in infants, only IL-6 was significantly increased in 
response to non-specific stimuli. Re-stimulation with the myco-
bacterial stimulant Mtb lystae did produce a significant increase 
in TNFα (Figure 1). As expected, Mtb lystae induced the most 
extensive upregulation of responses in BCG-vaccinated infants 
including 27 cytokines and chemokines that characterize 
both innate and adaptive T-cell responses (Figures  1 and 2; 
Table 1). We detected 11 cytokines and chemokines that were 
significantly increased and 6 that were significantly decreased in 
BCG-vaccinated infants in response to non-specific stimulants 
(Figure  2; Table  1). Each non-specific stimulant induced a 
distinct response profile. For example, increases in 10 cytokines 
and chemokines were detected following Pam3Cys stimulation 
FigUre 1 | Cytokine profile of bacillus Calmette–Guérin (BCG)-induced trained immunity in infants does not include TNFα or IL-1β. TNFα, IL-6, and IL-1β 
concentrations were measured in tissue culture supernatants after diluted whole blood from BCG-vaccinated (□, n = 11) and unvaccinated (○, n = 10) infants 
was cultured for 48 h with the indicated stimulants. Data shown is background subtracted (unstimulated samples). Wide bars indicate median response; narrow 
bars indicate 25th and 75th percentiles. Responses in vaccinated and unvaccinated groups were compared using the Mann–Whitney U test: **p < 0.01; 
*p < 0.05.
4
Smith et al. Trained Immunity following Infant BCG
Frontiers in Immunology | www.frontiersin.org June 2017 | Volume 8 | Article 644
whereas C. albicans stimulation revealed BCG-associated 
increases in four analytes: EGF, IL-6, PDGF-AB/BB, MCP-3, 
but decreases in four further analytes: IL-2, IL-13, IL-17, IP-10. 
Despite distinct response profiles for each non-specific stimu-
lant, we observed a common signature of increases in EGF, IL-6, 
and PDGF-AB/BB in response to three different stimulants: 
Pam3Cys, C. albicans, and S. aureus.
These data led us to conclude that BCG vaccination of infants, 
in this setting, induces a complex reprogramming of the innate 
immune system to respond mainly in an enhanced fashion when 
exposed in vitro to a panel of heterogeneous, non-specific stimuli. 
For a few cytokines, downregulation of production was observed 
after vaccination. Overall, this effect is consistent with trained 
immunity which is known to be mediated by cells of the innate 
immune system.
nK cell cD69 expression is increased  
in Bcg-Vaccinated infants following  
Pam3cys re-stimulation In Vitro
To determine which innate immune cells were associated with 
altered cytokine and chemokine responses to non-specific stimuli 
in BCG-vaccinated infants, we stained PBLs recovered from 48 h 
diluted whole blood assays for markers of monocyte and NK cell 
phenotype and activation.
Consistent with BCG-associated increases in a broad array 
of cytokine and chemokine responses following Mtb lystae res-
timulation, we also detected concomitant increases in expression 
of CD11b and CD206 on monocytes (Figure  3A). There were 
no significant, BCG vaccination-associated changes to monocyte 
activation markers in response to non-specific stimuli. In addition 
FigUre 2 | Continued
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to its effect on monocytes, Mtb lystae stimulation also induced 
increased surface expression of the activation marker CD69 on 
NK cells (Figure 3B). Although there were no significant changes 
to monocyte activation markers in response to non-specific 
stimuli, BCG-vaccinated infants displayed a significant increase 
in NK cell CD69 expression in response to Pam3Cys (Figure 3B).
Based on these data, we conclude that, accompanying the 
cytokine/chemokine profile of BCG-induced trained immunity 
in infants, there is a role for activated NK  cells but that their 
involvement depends upon the nature of the restimulating non-
specific ligand.
Pam3cys-induced nK cell activation 
correlates with the secretion of  
il-12p40 and il-10
Pam3Cys is a ligand for TLR2 which is found on the surface of 
NK cells. We speculated that enhanced Pam3Cys-induced NK cell 
activation in BCG-vaccinated infants could be a result of changes 
to the cytokine milieu that this ligand induces (Figure 2) or due to 
intrinsic changes to NK cells following BCG vaccination that alter 
their responsiveness to TLR2-mediated Pam3Cys stimulation or 
a combination of the two. Although the scope of this study did 
TaBle 1 | BCG vaccination-associated cytokine and chemokine responses induced by specific and non-specific stimuli in 48 h diluted whole blood assays.
stimulation Overexpressed in Bcg-vaccinated infants Median fold 
change
Under-expressed in Bcg-
vaccinated infants
Median fold 
change
Mtb lysate IL-2, IFNγ, IL-13, IL-1α, IP-10, IL-6 >10
Flt-3L, IL-8, IL-1Rα, IL-12p40, IL-10, MCP-3 5–10
MIP-1α, IL-5, TNFα, VEGF, MIP-1β, GM-CSF, IL-7, IL-17, IFNα2, eotaxin 2–5
CD40L, TNFβ, fractalkine, FGF- 2, TGFα 1–2
Pam3Cys IL-10, epidermal growth factor (EGF) 5–10
Platelet-derived growth factor (PDGF)-AB/BB, sCD40L, MIP-1α 2–5
IL-12p40, IL-6, MCP-3, IL-7, eotaxin 1–2
Candida albicans EGF, IL-6, PDGF-AB/BB, MCP-3 2–5 IL-2, IL-13, IL-17, IP-10 0.2–0.5
Staphylococcus aureus EGF, IL-6 2–5
PDGF-AB/BB 1.7
Escherichia coli EGF 2.8 GM-CSF, GRO 0.2–1.0
Lipopolysaccharide IL-8 1.7 GM-CSF, GRO 0.2–1.0
FigUre 2 | Distinct patterns of cytokine and chemokine secretion characterize bacillus Calmette–Guérin (BCG)-induced trained immunity in response to different, 
non-specific stimuli. The concentrations of 42 cytokines and chemokines were measured in 48 h, diluted whole blood assay supernatants using multiplex bead array. 
(a) Heat maps represent the vaccination effect [the log2 median fold change in analyte concentration in the BCG-vaccinated infants (n = 11) compared to unvaccinated 
infants (n = 10)] on the indicated cytokine/chemokine responses to different stimuli: ML, Mtb lysate; LPS, lipopolysaccharide; EC, E. coli; P3C, Pam3Cys; CA, C. 
albicans; SA, S. aureus. (B) Volcano plots represent the vaccination effect on cytokine/chemokine responses to different indicated stimuli which are plotted on the x-axis 
against the −log10 p value on the y-axis (calculated by Mann–Whitney U test comparisons of responses in BCG-vaccinated and unvaccinated groups). Data points 
represent individual cytokines and chemokines. Significant responses of interest are labeled where clarity permits. Horizontal dotted lines represent a p value of 0.05.
6
Smith et al. Trained Immunity following Infant BCG
Frontiers in Immunology | www.frontiersin.org June 2017 | Volume 8 | Article 644
not allow us to address the intrinsic changes hypothesis, we were 
able to look at associations between the magnitude of Pam3Cys-
mediated NK  cell activation and the changes in cytokine and 
chemokine release in response to the same stimulant. Of the 10 
analytes that were significantly upregulated in BCG-vaccinated 
infants in response to Pam3Cys, IL-12p40 and IL-10 secretion 
FigUre 3 | Bacillus Calmette–Guérin (BCG) vaccination of infants is associated with enhanced natural killer (NK) cell activation in response to Pam3Cys. Following 
48 h, diluted whole blood assay stimulation of samples from BCG-vaccinated (□, n = 10) and unvaccinated (○, n = 8) infants, cell pellets were cryopreserved and 
later analyzed by flow cytometry. (a) Monocytes were identified based on high CD14 and HLA-DR expression as well as on size and granularity (see Figure S1A in 
Supplementary Material) and stained for the indicated markers of monocyte activation and differentiation. Data points represent the fold change in MFI for samples 
incubated with the indicated stimulants compared to unstimulated samples. (B) CD56+ CD3− NK cells were gated (see Figure S1B in Supplementary Material) and 
the expression of the activation markers CD69 and CD25 analyzed. Data points represent the fold change in percent of activation marker expressing NK cells for 
samples incubated with the indicated stimulants compared to unstimulated samples. Responses in vaccinated and unvaccinated groups were compared using the 
Mann–Whitney U test: *p < 0.05; **p < 0.01.
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demonstrated significant correlation with the extent of NK cell 
CD69 expression (Figure 4).
From these data, we conclude that cytokine secretion, most 
notably IL-12, may account at least in part for the TLR2-mediated 
activation of NK cells in BCG-vaccinated infants.
DiscUssiOn
Trained innate immunity has, to date, been demonstrated and 
characterized largely in adults. Isolated PBMC released more TNFα, 
IL-6, and IL-1β when exposed to non-specific innate stimuli 
3  months after BCG vaccination in adults, and monocytes dis-
played higher levels of activation markers (24). Mechanisms of 
trained immunity such as underlying epigenetic regulation and 
shifts in the metabolic pathways used have similarly been revealed 
in vaccinated adults and in adult cellular models in vitro (22, 32). If 
trained innate immunity is to provide a causal link between BCG 
vaccination of infants and non-specific protection against mortal-
ity due to infectious diseases other than those with a mycobacterial 
etiology (15, 16), then a detailed description of the phenomenon 
in infants and infant cells is needed.
In this paper, we have profiled the infant whole blood cytokine 
and chemokine secretome of trained immunity following BCG 
vaccination using a panel of non-specific innate stimuli and reveal 
a differentially expressed signature. A total of 11 analytes were 
overexpressed and 6 under-expressed in vaccinated infants, 
with different innate stimuli inducing distinct combinations of 
response elements: for example, the Pam3Cys-induced response 
included the overexpression of 10 analytes, while S. aureus only 
induced three analytes. Four analytes were overexpressed and 
four under-expressed in response to C. albicans; LPS and E. 
coli each induced one overexpressed and two under-expressed 
analytes. These distinctions most likely reflect the different 
characteristics of the stimuli involved. Two of them, LPS and 
Pam3Cys, are defined biochemical compounds that interact with 
specific pattern recognition receptors: TLR4 and TLR2/1 heter-
odimer, respectively. C. albicans, S. aureus, and E. coli are all HK 
preparations of microorganisms containing complex mixtures of 
pathogen-associated molecular patterns that will interact with an 
array of different pathogen recognition receptors or other innate 
antigen receptors. It has been suggested that different microorgan-
isms act on multiple, distinct TLRs simultaneously in a manner 
likened to the playing of a unique “chord” on a “molecular piano” 
(17) and the different response profiles generated by different 
stimuli described here may be an illustration of that effect.
The pathways by which BCG mediates its training effect in vivo 
are yet to be fully elucidated, although a role for the mycobacterial 
cell wall component muramyl dipeptide, acting via the NOD2 
receptor, has been described (24). β-glucan, another activator 
of trained immunity mediates its effects via a dectin-1/Raf1-
dependant pathway (33), yet the role of dectin-1 in recognizing 
mycobacteria is probably minor at most. The emerging picture 
is one in which the recall of a trained immune response may be 
restimulated via different receptors to those that prime that same 
FigUre 4 | Correlation between Pam3Cys (P3C)-induced natural killer  
(NK) cell CD69 expression and IL-12p40 and IL-10 secretion. P3C-specific, 
NK cell CD69 expression in samples from bacillus Calmette–Guérin 
(BCG)-vaccinated (□, n = 10) and unvaccinated (○, n = 8) infants were 
plotted against P3C-specific secretion of IL-12p40 and IL-10 in the same 
samples. The degree of correlation was measured using Spearman’s rank 
correlation coefficient.
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response and that the cytokine/chemokine signature of that recall 
is determined by the receptors involved. Although little is known 
at this time about the mechanisms responsible, this should be a 
focus of future studies.
Despite the differences described above, we described here 
a biosignature of BCG-induced trained innate immunity in 
infants comprising increases in EGF, IL-6, and PDGF-AB/BB, 
all of which were apparent in responses to three different innate 
stimuli. This is different to the characteristic signature of trained 
innate immunity in adults, which includes TNFα and IL-1β as 
well as IL-6. It must be however underlined that in adults not all 
the cytokines reported here were measured, and some of them 
may be upregulated as well in older individuals. The absence of 
canonical innate cytokines such as TNFα in this infant biosig-
nature may reflect the maturation of the infant innate immune 
response, whereby the ability to make certain cytokines develop 
over the first 9 months of life (34). Despite the most extensive 
response profile, Mtb lystae stimulation did not upregulate EGF 
or PDGF-AB/BB. This may reflect the involvement of a broader 
array of pattern recognition receptors in response to Mtb lystae 
with downstream effects that manifest themselves as a distinct 
pattern of upregulated and downregulated markers. These 
observations illustrate the importance of an unbiased, multiplex 
approach to analyzing these responses. A more directed study 
focused on TNFα, IL-6, and IL-1β would have underestimated 
the effect of trained immunity in infants and would have missed 
the previously unreported markers EGF and PDGF-AB/BB, as 
well as the finding that C. albicans-induced trained immunity 
recall in BCG-vaccinated infants involves reduced IL-2, IL-13, 
IL-17, and IP-10 responses. It is interesting that IL-17 responses 
to C. albicans are reduced in vaccinated infants. Th-17 cells 
are known to be important in immune responses to C. albicans 
(35). BCG vaccination has been shown to enhance non-specific 
(innate-mediated) protection against candidiasis in SCID mice 
(24) and adult BCG vaccination activates heterologous Th-17 
responses specific for non-mycobacterial ligands including C. 
albicans (31). Our data suggest that BCG is exerting a different 
influence on the infant immune response, steering it away from a 
bias toward Th-17 development that is known to exist in early life 
(36). Detailed analyses of epigenetic and transcriptional programs 
of training or tolerance induction have revealed upregulation 
and downregulation of genes that characterize these responses 
hence it is unsurprising that the profiles we report here involve 
both upregulation and downregulation of different cytokines 
and chemokines associated with both T-cell and inflammatory 
monocyte responses to stimuli such as C. albicans as well as to E. 
coli and LPS which have both been associated with the induction 
of tolerance (37, 38).
In contrast to our findings here, another report of infant BCG-
associated, non-specific cytokine responses described increases 
in TNFα and IL-1β as well as in IL-6 in response to Pam3Cys 
(39). Differences between study designs that might explain this 
difference are that Jensen et al. carried out their study in a low-
income country and in low birth weight infants. In addition, the 
genetic backgrounds of the populations studied were different. 
Their sampling time point of 4 weeks was earlier than that used 
here and there were some methodological differences in their 
whole blood assay. An interesting possible explanation is that, 
unlike Jensen et al., infants in our study had received DTP vac-
cination through the national vaccination program by the time of 
sampling which is thought to negatively affect the positive non-
specific effects of BCG (40). Finally, compared to Jensen et al., 
our study was relatively small and exploratory and was possibly 
underpowered to detect small differences in cytokine responses. 
It should be noted that in agreement with our findings and those 
of others (7), Jensen et al. found no BCG-associated increase in 
TNFα in response to non-specific LPS stimulation.
The involvement of monocytes in adult trained immunity has 
been demonstrated using stimulating ligands that interact with 
receptors known to be found on monocytes and more directly 
by the demonstration that markers of monocyte activation and 
differentiation are upregulated following training (24). It is 
9Smith et al. Trained Immunity following Infant BCG
Frontiers in Immunology | www.frontiersin.org June 2017 | Volume 8 | Article 644
also possible to isolate adult blood monocytes and train them 
directly with BCG and β-glucan in  vitro (32). Although the 
assay described in this paper was designed primarily to look at 
secreted cytokines and chemokines, it was possible to harvest 
PBLs and to examine monocytes and NK  cells for evidence 
of BCG vaccination-associated trained innate activation. We 
examined four markers of monocyte activation, but found no 
significant differences in their expression following non-specific 
stimulation of samples from vaccinated and unvaccinated infants. 
Stimulation with Mtb lystae, which also induced increases in 27 
cytokines and chemokines in vaccinated infants, did increase 
levels of CD11b and CD207 on the surface of monocytes. Unlike 
responses induced by non-specific ligands in these experiments, 
it is likely that antigen-specific T-cell help is involved in these 
changes in monocyte activation. It is interesting that monocytes 
from BCG-vaccinated infants show increased expression of 
CD207 (mannose receptor), as this is usually found only on 
certain populations of differentiated macrophages and dendritic 
cells (41).
Natural killer cells from BCG-vaccinated infants displayed 
increased levels of the activation marker CD69 in response to 
Pam3Cys, as well as to Mtb lystae. Previous work has described 
long-lived mycobacteria-specific NK cells following infant BCG 
as well as a role for NK cells in BCG-induced trained immunity in 
adults and in BCG-vaccinated SCID mice which show increased 
resistance to C. albicans infection (25, 42). However, this is the 
first time their involvement in trained immunity to heterologous 
stimuli in infants has been described. NK cells express the TLR2 
receptor via which they are reported to interact with mycobacteria 
(43, 44). NK cells are also activated in response to type 1 cytokines 
(45). Although we cannot determine the pathway of NK  cell 
activation from the current data, we did observe a correlation 
between CD69 expression, IL-12p40 secretion, and IL-10 secre-
tion in response to Pam3Cys. IL-12 is known to be a soluble 
activator of NK  cells, while a role for IL-10 is less obvious. A 
limitation of this study was the small volume of blood available 
from infants which meant it was not possible to identify the cell 
type producing the cytokines and chemokines described. Clearly 
it would be interesting to determine whether the NK responses 
described above or other populations were a source, either by 
depletion studies or intracellular cytokine staining and future 
studies should address this. Additionally, as well as stimulation 
of the TLR2/1 heterodimer using Pam3Cys, it would be useful 
in future to determine more precisely the role of TLR2 either in 
homodimeric form or as a heterodimer with TLR6 also using 
specific ligands for these receptors.
This exploratory study was not designed to investigate the het-
erologous effects of infant BCG vaccination on clinical outcomes; 
however, if the non-specific immune responses we describe are to 
provide a mechanism for these effects, a causal relationship will 
need to be demonstrated in a larger study. The setting of such a 
study will need to be carefully considered as to date, the results 
of clinical trials have been mixed. Heterologous, BCG-induced 
protection against clinical outcomes related to infectious disease 
has been observed in a low-income setting in West Africa (15, 46) 
but was not recapitulated in another trial in a high income, 
European setting (47, 48).
In conclusion, we have described a novel whole blood signa-
ture of BCG-induced, trained innate immunity in infants that 
includes secretion of EGF, IL-6, and PDGF-AB/BB and involves 
activated NK cells. We also show distinct patterns of cytokine and 
chemokine release in response to different innate ligands. The 
data show different patterns to previously published descriptions 
of BCG-induced trained innate immunity in adults and low birth 
weight infants and suggest that more, larger scale studies of this 
effect in different populations are required for a more complete 
understanding.
eThics sTaTeMenT
This study was carried out in accordance with the recommen-
dations of the National Research Ethics Service Committee 
London-East and the ethics committee of the London School of 
Hygiene and Tropical Medicine with written informed consent 
from all subjects. All subjects gave written informed consent in 
accordance with the Declaration of Helsinki. The protocol was 
approved by the National Research Ethics Service Committee 
London-East and the ethics committee of the London School of 
Hygiene and Tropical Medicine.
aUThOr cOnTriBUTiOns
SS performed the experiments, was responsible for the analysis 
and interpretation of data, and wrote the manuscript. JK and MN 
produced the panel of stimuli used in experiments. SS, JK, MN, 
and HD all contributed to the conception and design of the work, 
critically read and contributed to revisions of the manuscript, 
approved the final version of the manuscript, and agreed to be 
accountable for all aspects of the work including its accuracy and 
integrity.
acKnOWleDgMenTs
The authors would like to thank all the infants and parents who 
participated in this study, Mrs. Rose Blitz who was responsible 
for participant recruitment, and sample collection and the project 
phlebotomist Mrs. Shakuntala Patel.
FUnDing
This work was supported by the European Commission within 
the seventh framework program (FP7) NEWTBVAC (grant num-
ber HEALTH-F3-2009-241745), by the European Tuberculosis 
Vaccine Initiative (grant number TBVI-12 NORAD), and by 
the European Commission within Horizon2020 TBVAC2020 
(grant number H2020 PHC-643381). MN was supported by an 
ERC Consolidator Grant (310372) and a Spinoza Grant of the 
Netherlands Organization for Scientific Research.
sUPPleMenTarY MaTerial
The Supplementary Material for this article can be found online 
at http://journal.frontiersin.org/article/10.3389/fimmu.2017.00644/
full#supplementary-material.
10
Smith et al. Trained Immunity following Infant BCG
Frontiers in Immunology | www.frontiersin.org June 2017 | Volume 8 | Article 644
reFerences
1. Colditz GA, Brewer TF, Berkey CS, Wilson ME, Burdick E, Fineberg HV, 
et  al. Efficacy of BCG vaccine in the prevention of tuberculosis. Meta-
analysis of the published literature. JAMA (1994) 271:698–702. doi:10.1001/
jama.1994.03510330076038 
2. Mangtani P, Abubakar I, Ariti C, Beynon R, Pimpin L, Fine PEM, et  al. 
Protection by BCG vaccine against tuberculosis: a systematic review of ran-
domized controlled trials. Clin Infect Dis (2014) 58:470–80. doi:10.1093/cid/
cit790 
3. Wilson ME, Fineberg HV, Colditz GA. Geographic latitude and the efficacy 
of bacillus Calmette-Guérin vaccine. Clin Infect Dis (1995) 20:982–91. 
doi:10.1093/clinids/20.4.982 
4. Colditz GA, Berkey CS, Mosteller F, Brewer TF, Wilson ME, Burdick E, et al. 
The efficacy of bacillus Calmette-Guérin vaccination of newborns and infants 
in the prevention of tuberculosis: meta-analyses of the published literature. 
Pediatrics (1995) 96:29–35. 
5. Black GF, Weir RE, Floyd S, Bliss L, Warndorff DK, Crampin AC, et al. BCG-
induced increase in interferon-gamma response to mycobacterial antigens and 
efficacy of BCG vaccination in Malawi and the UK: two randomised controlled 
studies. Lancet (2002) 359:1393–401. doi:10.1016/S0140-6736(02)08353-8 
6. Burl S, Adetifa UJ, Cox M, Touray E, Ota MO, Marchant A, et al. Delaying 
bacillus Calmette-Guérin vaccination from birth to 4 1/2 months of age 
reduces postvaccination Th1 and IL-17 responses but leads to comparable 
mycobacterial responses at 9 months of age. J Immunol (2010) 185:2620–8. 
doi:10.4049/jimmunol.1000552 
7. Djuardi Y, Sartono E, Wibowo H, Supali T, Yazdanbakhsh M. A longitudinal 
study of BCG vaccination in early childhood: the development of innate and 
adaptive immune responses. PLoS One (2010) 5:e14066. doi:10.1371/journal.
pone.0014066 
8. Kagina BM, Abel B, Bowmaker M, Scriba TJ, Gelderbloem S, Smit E, 
et  al. Delaying BCG vaccination from birth to 10 weeks of age may result 
in an enhanced memory CD4 T  cell response. Vaccine (2009) 27:5488–95. 
doi:10.1016/j.vaccine.2009.06.103 
9. Lalor MK, Floyd S, Gorak-Stolinska P, Ben-Smith A, Weir RE, Smith SG, 
et  al. BCG vaccination induces different cytokine profiles following infant 
BCG vaccination in the UK and Malawi. J Infect Dis (2011) 204:1075–85. 
doi:10.1093/infdis/jir515 
10. Smith SG, Lecher S, Blitz R, Locht C, Dockrell HM. Broad heparin-binding 
haemagglutinin-specific cytokine and chemokine response in infants follow-
ing Mycobacterium bovis BCG vaccination. Eur J Immunol (2012) 42:2511–22. 
doi:10.1002/eji.201142297 
11. Smith SG, Zelmer A, Blitz R, Fletcher HA, Dockrell HM. Polyfunctional 
CD4 T-cells correlate with in vitro mycobacterial growth inhibition following 
Mycobacterium bovis BCG-vaccination of infants. Vaccine (2016) 34:5298–305. 
doi:10.1016/j.vaccine.2016.09.002 
12. Soares AP, Scriba TJ, Joseph S, Harbacheuski R, Murray RA, Gelderbloem SJ, 
et  al. Bacillus Calmette-Guérin vaccination of human newborns induces 
T  cells with complex cytokine and phenotypic profiles. J Immunol (2008) 
180:3569–77. doi:10.4049/jimmunol.180.5.3569 
13. Alexandroff AB, Nicholson S, Patel PM, Jackson AM. Recent advances in 
bacillus Calmette-Guerin immunotherapy in bladder cancer. Immunotherapy 
(2010) 2:551–60. doi:10.2217/imt.10.32 
14. Goodridge HS, Ahmed SS, Curtis N, Kollmann TR, Levy O, Netea MG, 
et al. Harnessing the beneficial heterologous effects of vaccination. Nat Rev 
Immunol (2016) 16:392–400. doi:10.1038/nri.2016.43 
15. Aaby P, Roth A, Ravn H, Napirna BM, Rodrigues A, Lisse IM, et al. Randomized 
trial of BCG vaccination at birth to low-birth-weight children: beneficial 
nonspecific effects in the neonatal period? J Infect Dis (2011) 204:245–52. 
doi:10.1093/infdis/jir240 
16. Biering-Sørensen S, Aaby P, Napirna BM, Roth A, Ravn H, Rodrigues A, et al. 
Small randomized trial among low-birth-weight children receiving bacillus 
Calmette-Guérin vaccination at first health center contact. Pediatr Infect Dis J 
(2012) 31:306–8. doi:10.1097/INF.0b013e3182458289 
17. Levy O, Wynn JL. A prime time for trained immunity: innate immune memory in 
newborns and infants. Neonatology (2014) 105:136–41. doi:10.1159/000356035 
18. Netea MG, Quintin J, van der Meer JWM. Trained immunity: a memory 
for innate host defense. Cell Host Microbe (2011) 9:355–61. doi:10.1016/j.
chom.2011.04.006 
19. van der Meer JW, Joosten LA, Riksen N, Netea MG. Trained immunity: a 
smart way to enhance innate immune defence. Mol Immunol (2015) 68:40–4. 
doi:10.1016/j.molimm.2015.06.019 
20. Zhang JP, Yang Y, Levy O, Chen C. Human neonatal peripheral blood 
leukocytes demonstrate pathogen-specific coordinate expression of TLR2, 
TLR4/MD2, and MyD88 during bacterial infection in vivo. Pediatr Res (2010) 
68:479–83. doi:10.1203/PDR.0b013e3181f90810 
21. Strunk T, Doherty D, Jacques A, Simmer K, Richmond P, Kohan R, et  al. 
Histologic chorioamnionitis is associated with reduced risk of late-onset 
sepsis in preterm infants. Pediatrics (2012) 129:e134–41. doi:10.1542/peds. 
2010-3493 
22. Arts RJW, Carvalho A, La Rocca C, Palma C, Rodrigues F, Silvestre R, et al. 
Immunometabolic pathways in BCG-induced trained immunity. Cell Rep 
(2016) 17:2562–71. doi:10.1016/j.celrep.2016.11.011 
23. Cheng SC, Quintin J, Cramer RA, Shepardson KM, Saeed S, Kumar V, et al. 
mTOR- and HIF-1α-mediated aerobic glycolysis as metabolic basis for trained 
immunity. Science (2014) 345:1250684. doi:10.1126/science.1250684 
24. Kleinnijenhuis J, Quintin J, Preijers F, Joosten LA, Ifrim DC, Saeed S, et al. 
Bacille Calmette-Guerin induces NOD2-dependent nonspecific protection 
from reinfection via epigenetic reprogramming of monocytes. Proc Natl Acad 
Sci U S A (2012) 109:17537–42. doi:10.1073/pnas.1202870109 
25. Kleinnijenhuis J, Quintin J, Preijers F, Joosten LA, Jacobs C, Xavier RJ, et al. 
BCG-induced trained immunity in NK cells: role for non-specific protection 
to infection. Clin Immunol (2014) 155:213–9. doi:10.1016/j.clim.2014.10.005 
26. Elahi S, Ertelt JM, Kinder JM, Jiang TT, Zhang X, Xin L, et al. Immunosuppressive 
CD71+ erythroid cells compromise neonatal host defence against infection. 
Nature (2013) 504:158–62. doi:10.1038/nature12675 
27. Kollmann TR, Levy O, Montgomery RR, Goriely S. Innate immune function 
by toll-like receptors: distinct responses in newborns and the elderly. Immunity 
(2012) 37:771–83. doi:10.1016/j.immuni.2012.10.014 
28. Han P, McDonald T, Hodge G. Potential immaturity of the T-cell and antigen- 
presenting cell interaction in cord blood with particular emphasis on the 
CD40-CD40 ligand costimulatory pathway. Immunology (2004) 113:26–34. 
doi:10.1111/j.1365-2567.2004.01933.x 
29. Levy O. Innate immunity of the newborn: basic mechanisms and clinical 
correlates. Nat Rev Immunol (2007) 7:379–90. doi:10.1038/nri2075 
30. Roederer M, Nozzi JL, Nason MC. SPICE: exploration and analysis of 
post-cytometric complex multivariate datasets. Cytometry (2011) 79:167–74. 
doi:10.1002/cyto.a.21015 
31. Kleinnijenhuis J, Quintin J, Preijers F, Benn CS, Joosten LA, Jacobs C, et al. 
Long-lasting effects of BCG vaccination on both heterologous Th1/Th17 
responses and innate trained immunity. J Innate Immun (2014) 6:152–8. 
doi:10.1159/000355628 
32. Bekkering S, Blok BA, Joosten LAB, Riksen NP, van Crevel R, Netea MG. In 
vitro experimental model of trained innate immunity in human primary mono-
cytes. Clin Vaccine Immunol (2016) 23:926–33. doi:10.1128/CVI.00349-16 
33. Netea MG, Brown GD, Kullberg BJ, Gow NA. An integrated model of the rec-
ognition of Candida albicans by the innate immune system. Nat Rev Microbiol 
(2008) 6:67–78. doi:10.1038/nrmicro1815 
34. Shey MS, Nemes E, Whatney W, de Kock M, Africa H, Barnard C, et  al. 
Maturation of innate responses to mycobacteria over the first nine months of 
life. J Immunol (2014) 192:4833–43. doi:10.4049/jimmunol.1400062 
35. Acosta-Rodriguez EV, Rivino L, Geginat J, Jarrossay D, Gattorno M, 
Lanzavecchia A, et al. Surface phenotype and antigenic specificity of human 
interleukin 17-producing T helper memory cells. Nat Immunol (2007) 8:639–46. 
doi:10.1038/ni1467 
36. Black A, Bhaumik S, Kirkman RL, Weaver CT, Randolph DA. Developmental 
regulation of Th17-cell capacity in human neonates. Eur J Immunol (2012) 
42:311–9. doi:10.1002/eji.201141847 
37. Ifrim DC, Quintin J, Joosten LAB, Jacobs C, Jansen T, Jacobs L, et al. Trained 
immunity or tolerance: opposing functional programs induced in human 
monocytes after engagement of various pattern recognition receptors. Clin 
Vaccine Immunol (2014) 21:534–45. doi:10.1128/CVI.00688-13 
38. Saeed S, Quintin J, Kerstens HH, Rao NA, Aghajanirefah A, Matarese F, et al. 
Epigenetic programming of monocyte-to-macrophage differentiation and 
trained innate immunity. Science (2014) 345:1251086. doi:10.1126/science. 
1251086 
39. Jensen KJ, Larsen N, Biering-Sørensen S, Andersen A, Eriksen HB, Monteiro I, 
et  al. Heterologous immunological effects of early BCG vaccination in 
11
Smith et al. Trained Immunity following Infant BCG
Frontiers in Immunology | www.frontiersin.org June 2017 | Volume 8 | Article 644
low-birth weight infants in Guinea-Bissau: a randomized-controlled trial. 
J Infect Dis (2014) 211(6):956–67. doi:10.1093/infdis/jiu508 
40. Aaby P, Nielsen J, Benn CS, Trape JF. Sex-differential effects on mortality 
of BCG and diphtheria-tetanus-pertussis vaccines in a rural area with high 
vaccination coverage: observational study from Senegal. Trans R Soc Trop Med 
Hyg (2016) 110:527–33. doi:10.1093/trstmh/trw059 
41. Martinez-Pomares L. The mannose receptor. J Leukoc Biol (2012) 92:1177–86. 
doi:10.1189/jlb.0512231 
42. Suliman S, Geldenhuys H, Johnson JL, Hughes JE, Smit E, Murphy M, 
et  al. Bacillus Calmette-Guérin (BCG) revaccination of adults with latent 
Mycobacterium tuberculosis infection induces long-lived BCG-reactive NK cell 
responses. J Immunol (2016) 197:1100–10. doi:10.4049/jimmunol.1501996 
43. Esin S, Counoupas C, Aulicino A, Brancatisano FL, Maisetta G, Bottai D, 
et  al. Interaction of Mycobacterium tuberculosis cell wall components with 
the human natural killer cell receptors NKp44 and toll-like receptor 2. Scand 
J Immunol (2013) 77:460–9. doi:10.1111/sji.12052 
44. Marcenaro E, Ferranti B, Falco M, Moretta L, Moretta A. Human NK cells 
directly recognize Mycobacterium bovis via TLR2 and acquire the ability to kill 
monocyte-derived DC. Int Immunol (2008) 20:1155–67. doi:10.1093/intimm/
dxn073 
45. Horowitz A, Stegmann KA, Riley EM. Activation of natural killer cells 
during microbial infections. Front Immunol (2011) 2:88. doi:10.3389/fimmu. 
2011.00088 
46. Garly ML, Martins CL, Balé C, Baldé MA, Hedegaard KL, Gustafson P, et al. 
BCG scar and positive tuberculin reaction associated with reduced child 
mortality in West Africa. A non-specific beneficial effect of BCG? Vaccine 
(2003) 21:2782–90. doi:10.1016/S0264-410X(03)00181-6 
47. Kjaergaard J, Birk NM, Nissen TN, Thøstesen LM, Pihl GT, Benn CS, et al. 
Nonspecific effect of BCG vaccination at birth on early childhood infec-
tions: a randomized, clinical multicenter trial. Pediatr Res (2016) 80:681–5. 
doi:10.1038/pr.2016.142 
48. Stensballe LG, Sørup S, Aaby P, Benn CS, Greisen G, Jeppesen DL, et  al. 
BCG vaccination at birth and early childhood hospitalisation: a randomised 
clinical multicentre trial. Arch Dis Child (2017) 102:224–31. doi:10.1136/
archdischild-2016-310760 
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.
Copyright © 2017 Smith, Kleinnijenhuis, Netea and Dockrell. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction in other forums is permitted, provided 
the original author(s) or licensor are credited and that the original publication in this 
journal is cited, in accordance with accepted academic practice. No use, distribution 
or reproduction is permitted which does not comply with these terms.
